and asymmetric organic catalysis 5 enables enantioselective radical conjugate additions to β,β-disubstituted cyclic enones to obtain quaternary carbon stereocentres with high fidelity. Critical to our success was the design of a chiral organic catalyst, containing a redox-active carbazole moiety, that drives the formation of iminium ions and the stereoselective trapping of photochemically generated carbon-centred radicals by means of an electron-relay mechanism. We demonstrate the generality of this organocatalytic radicaltrapping strategy with two sets of open-shell intermediates, formed through unrelated light-triggered pathways from readily available substrates and photoredox catalysts-this method represents the application of iminium ion activation 6 (a successful catalytic strategy for enantioselective polar chemistry) within the realm of radical reactivity.
. We sought to combine this effective radical generation strategy, which does not require pre-functionalized reagents, with a suitable chiral catalyst that could drive the stereoselective trapping of photogenerated radicals while forging quaternary stereocentres. If successful, this combination would provide direct access to chiral molecules that could not be synthesized using polar conjugate additions.
We used the iminium ion activation strategy 6 to attack the problem of identifying a suitable chiral catalyst. This chemistry exploits the electrophilic nature of the iminium ion A (Fig. 1b) , generated upon condensation of chiral amine catalysts and α,β-unsaturated ketones, to facilitate enantioselective conjugate additions of nucleophiles 19 . This catalytic platform has found many applications in the polar domain 5, 6 . However, to date, iminium ions A have not been used to trap nucleophilic radicals. This is most surprising, given the high tendency of openshell species to react with electron-deficient olefins 3 . We reasoned that this dearth of applications could stem from the nature of the radical intermediate B, generated upon carbon-carbon bond formation (Fig. 1c) . Generally, olefinic radical traps are electrically neutral and afford long-lived, neutral radical intermediates. In contrast, radical addition to the cationic iminium ion A generates a short-lived, highly reactive α-iminyl radical cation B, which, in line with the classical behaviour of radical ions 20 , has a high tendency to undergo radical elimination (β-scission) 21 to re-form the more stable iminium ion A. The instability of B is the main obstacle to productive RCA to iminium ions (Fig. 1d) . We considered the possibility of reducing the radical cation B in situ to generate the corresponding enamine C, which can be hydrolysed in a facile manner to release both the catalyst and the conjugate addition product. From the outset, we identified three design elements as key to realizing this goal. First, the high reactivity of B requires a very rapid single electron transfer (SET) reduction. We hypothesized that using a chiral amine catalyst with a redox active, electron-rich moiety ('e − pool' unit in Fig. 1d ) attached would secure a fast, proximity-driven intramolecular reduction of B. This idea finds support in the mechanism of electron transfer within biological systems, where even endergonic redox processes can be achieved via electron tunnelling if the redox centres are in close proximity 22 . Second, we needed to identify a rapid process to interrupt a possible equilibrium between B and the nascent enamine C established by an intramolecular back electron transfer (BET). Since secondary enamines are known to exist mainly as tautomeric electron poor imines D
23
, the use of a chiral primary amine catalyst potentially offered an efficient mechanism to preclude the BET by triggering a tautomeric equilibrium which converts C into D. Last, the oxidized centre ('e − hole' unit in Fig. 1d ), arising from the intramolecular SET, had to be long-lived enough to undergo SET reduction from the photoredox catalysts, restoring the redox-active moiety while facilitating productive catalysis. Achieving a high level of stereocontrol further complicated matters.
To test the feasibility of this electron-relay strategy 24 , we explored the reaction between β-methyl cyclohexenone 1a and benzodioxole 2a (Table 1) . We used the photocatalyst tetrabutylammonium
LETTER RESEARCH decatungstate 25 (TBADT, 5 mol%) because, upon light excitation, it can easily generate a nucleophilic carbon-centred radical by homolytically cleaving the methylene C-H bond in 2a 26 via a hydrogen atom transfer (HAT) mechanism. The experiments were conducted at 35 °C in acetonitrile (CH 3 CN) and under irradiation by a single ultraviolet (UV)-light emitting diode (UV LED, λ max = 365 nm). We observed a negligible racemic background process in the absence of any amine catalyst, which is necessary for realizing a stereoselective process (entry 1). We then focused on identifying a redox-active moiety that, when installed within the chiral primary amine catalyst, could instigate a fast intramolecular reduction of the transient radical cation B and thus trigger the entire RCA. We identified carbazole as a suitable scaffold because of (i) its excellent electron-donating capabilities, which would provide the e − pool unit, and (ii) the high stability of the long-lived carbazole radical cation 27 , which makes it a possible e − hole moiety. These properties form the basis of the wide application of carbazoles in hole-transport materials for light-emitting diodes and photovoltaic cells 28 . The chiral cyclohexylamine scaffold 4b adorned with the carbazole provided the product 3a with appreciable yield and stereoselectivity (33% yield, 82% enantiomeric excess (e.e.), entry 3). In consonance with the proposed electron-relay mechanism, the reaction could not be catalysed by cyclohexylamine 4a, which mimics the catalyst 4b's scaffold while lacking the redox-active moiety (entry 2). An equimolar combination of 4a and exogenous N-cyclohexyl-3, 6-di-tert-butyl-carbazole (20 mol%) also proved unsuitable for catalysis, suggesting the importance of a proximity-driven intramolecular SET process. We then modified the redox properties of the carbazole scaffold by introducing substituents at the 3-and 6-positions. It is known that this substitution pattern can further stabilize the carbazole radical cation 27 . Indeed, we could isolate a bench-stable carbazoliumyl radical cation salt from N-cyclohexyl-3, 6-di-tert-butyl-carbazole upon treatment with SbCl 5 (see Supplementary Information). Concurrently, the increased steric hindrance carried the additional benefit of conferring a higher stereocontrol. These considerations explain the high yield and enantioselectivity achieved when using the encumbered primary amine catalyst 4e (75% yield and 93% e.e., entry 8). Finally, no product formation was detected in the absence of TBADT, catalyst 4e, or UV light, demonstrating the need for all these components.
We then undertook studies to better investigate the role of the active intermediates in the electron-relay mechanism (Fig. 2a) . We could synthesize stable tetrafluoroborate salts of the chiral iminium ion A-1, generated upon condensation of catalyst 4c and substrate 1a, which were characterized by X-ray single-crystal analysis (Fig. 2b) . The unusual stability of the iminium ion A-1 and the well-defined (Z)-configuration of the C=N double bond originate from a stabilizing intramolecular charge transfer π-π interaction between the electron-rich carbazole and the electron-deficient iminium ion. As a result, the measured interatomic separation in the solid state between the carbazole nitrogen and the sp 2 α-carbon of the iminium ion (3.10 Å) is significantly less than the van der Waals distance. This highly organized topology of A-1, which NMR spectroscopic analyses confirmed to be also dominant in solution, plays a critical dual role. On the one hand, it governs the stereocontrol of the RCA, since the bulky carbazole unit is positioned in such a way as to effectively shield the diastereotopic Si face of the iminium ion, leaving the Re face exposed for enantioselective bond formation (Re and Si are stereochemical descriptors for heterotopic faces). Importantly, the sense of asymmetric induction observed in the model reaction is consistent LETTER RESEARCH with this stereochemical model (Fig. 2b) . On the other hand, the three-dimensional assembly of A-1 suggests that the α-iminyl radical cation B-1, arising from the radical trapping, is generated in close proximity to the electron-rich carbazole, allowing for a proximitydriven 22 intramolecular reduction. Once the carbazoliumyl radical cation (e − hole) is generated, the fast tautomerization of the secondary , closing the photoredox cycle (Fig. 2a, right panel) . The iminium ion cycle terminates with the imine E-1 hydrolysis to regenerate the catalyst 4 while liberating the product 3.
To gain further evidence supporting the electron-relay mechanism, we used the enone 1b, bearing a β-homoallyl substituent, to trap the radical photogenerated from 2a (Fig. 2c) . The reaction catalysed by cyclohexylamine 4a provides preferentially the cyclized exo-adduct 5 (5:3b in a 2:1 ratio), demonstrating the propensity of the α-iminyl radicals, emerging from the radical addition, to undergo cyclization with unactivated olefins. In sharp contrast, the process catalysed by the amine 4e almost exclusively affords the conjugate addition product 3b (40% yield, 83% e.e., 3b:5 in a >10:1 ratio). This result is consonant with a fast redox process, governed by the carbazole-based catalyst, which rapidly reduces the α-iminyl radical cation B-1 preventing cyclization.
Adopting the optimized conditions described in Table 1, entry 8 , we then demonstrated the generality of the RCA by evaluating a variety of cyclic enones 1 and benzodioxoles 2 (Fig. 3) . The presence of a methyl substituent at the methylene position of 2 provides the corresponding product 3c, bearing two adjacent tetrasubstituted carbons, with nearly perfect enantioselectivity. Experiments to probe the scope of the enone component revealed that a wide range of carbocycles and β-olefin substituents are well tolerated. For example, high levels of stereocontrol are achieved with different β-alkyl groups (products 3d, e) and with a diverse range of ring sizes, including cyclopentenyl, cycloheptenyl, and cyclooctenyl architecture (adducts 3f-h). One limitation is that the presence of an aromatic β-substituent completely inhibits the reaction. As for the benzodioxole substrates 2, different substituents can be installed at the aromatic ring without compromising the efficiency of the reaction (adducts 3i-k). Crystals of compound 3i were suitable for X-ray analysis, which secured the absolute configuration of the products.
We then wondered if the synthetic utility of the amine carbazole catalyst 4e could be expanded to trap other carbon-centred radicals, formed through an unrelated light-triggered mechanism, while forging quaternary stereocentres. Specifically, we used the commercially available photocatalyst Ir[dF(CF 3 )ppy] 2 (dtbbpy)PF 6 (8) which, upon absorption of visible light, can generate α-amino radicals directly from tertiary amines 6 via single electron oxidation 18 (SET mechanism in Fig. 2a) . The conjugate addition adducts 7 were provided with high stereoselectivity by using the combination of catalysts (R,R)-4e and 8 while conducting the reactions with enones 1 at 15 °C in toluene and under irradiation by a white LED (λ emiss > 400 nm) (Fig. 4a) . We next explored the scope of both substrates in this dual photoredox organocatalytic strategy. As highlighted in Fig. 4b , cyclic enones of different ring sizes (7c-e) and bearing alkyl β-substituents (products 7a, b) are suitable substrates, while both mixed N-alkyl-N-aryl (adducts 7a, f, g) and N,N-diaryl tertiary amines (7h-j) efficiently participated in the RCA. Substituents of different electronic nature were easily accommodated at the aryl para (7f, g, i) or ortho position (7j), while a cyclic amine afforded compound 7k with high enantiomeric purity, albeit with a 3:2 diastereomeric ratio. For this enantioselective trap of α-amino radicals, we determined a quantum yield of 0.4 (λ = 400 nm), while Stern-Volmer fluorescence quenching experiments demonstrated that the excited state of the photocatalyst 8 is quenched by the amine 6. Both experiments are consistent with the electron-relay mechanism depicted in Fig. 2a . Notably, the RCA can be performed without any metal when replacing the photocatalyst 8 with the benzophenone 9, which can generate the radical acting as an organic photosensitizer 30 (Fig. 4c) . We have developed the first (to our knowledge) catalytic strategy that allows quaternary carbon stereocentres to be obtained with high fidelity using an enantioselective RCA manifold. The approach LETTER RESEARCH requires mild conditions and unfunctionalized substrates, effectively complementing established polar conjugate addition technologies based on preformed organometallic reagents.
